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Abstract

Anti-EGFR antibodies such as cetuximab are active against KRAS/NRAS wild-type colorectal 

cancers (CRC) but acquired resistance invariably evolves. Which mutational mechanisms enable 

resistance evolution and whether adaptive mutagenesis, a transient cetuximab-induced increase in 

mutation generation, contributes in patients is unknown. Here, we investigate this in exome 

sequencing data of 42 baseline and progression biopsies from cetuximab treated CRCs. Mutation 

loads did not increase from baseline to progression and evidence for a contribution of adaptive 

mutagenesis was limited. However, the chemotherapy-induced mutational signature SBS17b was 

the main contributor of specific KRAS/NRAS and EGFR driver mutations that are enriched at 

acquired resistance. Detectable SBS17b activity before treatment predicted for shorter progression 
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free survival and for the evolution of these specific mutations during subsequent cetuximab 

treatment. This suggests that chemotherapy mutagenesis can accelerate resistance evolution. 

Mutational signatures may be a new class of cancer evolution predictor.

The anti-EGFR antibody (EGFR-AB) cetuximab is active against many KRAS/NRAS wild-

type metastatic colorectal cancers (CRCs)1,2. However, resistance invariably evolves within 

several months. Darwinian selection of subclones that harbor mutations in KRAS, NRAS 
and EGFR is among the commonest mechanisms of acquired resistance3-6. Pre-treatment 

biomarkers that can predict the time to resistance evolution and the specific resistance 

mechanism that will evolve have not been identified7,8.

Mutation generation is central to resistance evolution, and mutational signature analysis can 

be used to dissect cancer mutational processes9,10. Yet, how the activity of specific 

mutational signatures enables or constrains the evolution of cetuximab resistance in CRCs is 

unknown. Resistance evolution may furthermore be influenced by the timing of specific 

mutational processes. The pre-existing drug resistance model assumes that such mutations 

are already present in small subclones before EGFR-AB exposure, making the evolution of 

acquired resistance inevitable (Fig. 1A)11. Recently, a model of ‘adaptive mutagenesis’ has 

been proposed in which cetuximab treatment triggers a transient down–regulation of 

mismatch repair (MMR) and homologous recombination (HR) DNA repair proteins and 

increased expression of low-fidelity DNA polymerases, which together promote mutation 

generation in CRC cells12. Such drug-induced mutagenesis could increase the probability of 

resistance mutation acquisition during treatment (Fig. 1A). Importantly, these are preclinical 

observations and it is unknown how prevalent cetuximab-induced mutagenesis is in 

patients13 and whether it impacts the acquisition of common resistance mutations. More 

generally, it remains undetermined whether any specific mutational signatures change 

through cetuximab treatment and which signatures generate the majority of resistance 

mutations in the clinic.

Our aim was to assess the activity of mutational mechanisms in serial biopsies from KRAS/
NRAS wild‐type CRC patients who were treated with single-agent cetuximab in a clinical 

trial. Drug treatment forces the cancer cell population through an evolutionary bottleneck7. 

We reasoned that this should reveal the mutational signatures operating before or during 

treatment as these become increasingly clonal and hence detectable by exome sequencing. 

Cetuximab-induced mutagenesis should increase both, mutation loads and the specific 

mutational signatures that are characteristic of these mechanisms in patients who benefit 

(Fig. 1A). In contrast, no changes would be expected in patients with primary progression 

where cetuximab lacks activity. We furthermore assessed which mutational mechanisms are 

most relevant for the generation of the hotspot driver mutations that evolve at acquired 

resistance.
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Results

Clinical trial samples

The patient characteristics and biopsy analysis of the Prospect-C phase II trial have been 

described previously3. Biopsies had been taken at baseline (BL) before cetuximab initiation 

and at progressive disease (PD) from KRAS/NRAS wild-type CRCs. Paired BL/PD biopsies 

from 21 patients were successfully analyzed by exome sequencing and had sufficient cancer 

cell content for bioinformatics analysis (Extended Data Fig. 1A; see Methods for full 

details). The characteristics of these patients were comparable to the entire population in the 

Prospect-C trial and in other EGFR-AB trials (Supplementary Table 1). The median 

sequencing depth of BL (112x) and PD (148x) samples and the median cancer cell content 

of BL (40%) and PD (44%) samples were similar. Neither sequencing depth nor cancer cell 

content of samples correlated with the mutation load (Extended Data Fig. 1B,C). There was 

hence no evidence that sequencing depth or cancer cell content biased the number of 

detected mutations in BL vs. PD samples. No tumor showed MMR-deficiency at BL3. 

Progression at or before the first per-protocol CT scan (scheduled at 12 weeks) had been 

classified as ‘primary progression’ (n=9). The remaining tumors were considered to have 

obtained ‘prolonged benefit’ (n=12) from treatment3.

Temporal change of mutation loads

Mutation trees were generated to analyze the evolutionary relationship of cancer cells in BL 

and PD biopsies and changes in the mutation load (Fig. 1B). The trunk represents mutations 

present in both samples whereas branches indicate mutations unique to BL or PD samples. 

Truncal mutation loads were similar between tumors with prolonged benefit and primary 

progression (p=0.53, t‐test). Cancers with prolonged benefit had higher unique mutation 

numbers compared to primary progressors (mean sum of BL and PD: 113 and 73, 

respectively, p=0.06, t-test). Although this was not significant, it likely indicates a 

cetuximab-induced population bottleneck that diminishes treatment-sensitive subclones 

which are replaced by subclones with distinct mutations at acquired resistance, whereas 

subclones at BL and PD are more similar in primary progressors.

The number of unique mutations did not significantly change from BL to PD in either group 

(prolonged benefit: p=0.74, primary progression: p=0.62, paired t-test). An increase in the 

number of small insertions and deletions (INDELs) can be an indicator of acquired MMR-

deficiency14 but these did not change significantly from BL to PD (prolonged benefit: 

p=0.71; primary progression: p=0.13, paired t-test, Fig. 1C). The absence of a population 

bottleneck in primary progressors is a potential source of bias as these may harbor higher 

numbers of subclones at PD, leading to higher subclonal mutation loads than in prolonged 

benefit cases where subclones were pruned. We therefore repeated the analysis by only 

considering clonal mutations in each sample. This found no significant increase of mutations 

in tumors with prolonged benefit (p=0.66, Extended Data Fig. 2) or in primary progressors 

(p=0.20, paired t-test). As mutations accumulate over time, we tested whether the time lapse 

between BL and PD may influence branch lengths. We found no association between 

treatment duration and the number of unique mutations (Spearman’s r: 0.23, p=0.31, 

Extended Data Fig. 3). We furthermore considered that cetuximab-induced mutagenesis may 

Woolston et al. Page 3

Nat Ecol Evol. Author manuscript; available in PMC 2021 November 20.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



only be active in a subgroup of tumors. 6/12 (50%) cases with prolonged benefit showed an 

increase of the unique mutation load at PD but also 4/9 (44.4%) of tumors with primary 

progression (Fig. 1D). Thus, although mutations can increase in individual tumors after 

treatment, this fraction did not differ between these groups.

Taken together, we found no evidence for a rise in the mutation load through cetuximab 

treatment. This mirrors results from Russo et al.12 who described only a negligible change in 

mutation burden in cetuximab treated CRC cell lines analyzed by exome sequencing. Exome 

sequencing only analyzes ~1-2% of the genome which may be insufficient to detect an 

increase of mutations across the genome. However, these results show that if drug-induced 

mutagenesis is active, the impact on the mutation load in the protein-coding genome is 

small.

Microsatellite tract length variability

Cetuximab-induced mutagenesis increased the accumulation of INDELs in microsatellite 

tracts in CRC cell lines12. Assessing the length variability of microsatellites showed no 

increase from BL to PD in tumors with prolonged benefit or with primary progression (Fig. 

1E). Restricting the analysis to those tumors with an increase in the unique mutation load at 

PD also showed no change. We hence found no evidence for a cetuximab-induced increase 

in microsatellite tract length variability.

Temporal change of mutational signatures

Mutational signature analysis9 should reveal changes in the activity of mutagenic processes 

independent of mutation loads. All single nucleotide substitutions and the two flanking bases 

were analyzed, corresponding to 96 tri-nucleotide sequence motifs. Individual tri-nucleotide 

motifs only showed small changes from BL to PD without obvious differences between 

tumors with prolonged benefit vs. primary progression (Fig. 2A). We next assigned these 

mutations to individual mutational signatures15. To limit the impact of signature bleeding, 

which can lead to the misassignment of mutations to signatures with high similarity16, we 

included only a) signatures that were detectable in a large series of CRC samples (Extended 

Data Fig. 4; SBS1, SBS5 and SBS40 which are clock-like based on their relatively constant 

rate over time17, SBS15 which is typical for CRCs with MMR-deficiency18, SBS17b which 

can be present in CRCs that were treated with 5-fluorouracil (5-FU) chemotherapy19,20 and 

SBS17a which remains of uncertain aetiology although oxidative damage has been 

suggested to contribute to SBS17a/SBS17b21), b) additional signatures of mutational 

processes that were reported to increase through cetuximab-induced mutagenesis by Russo 

et al.12 (HR‐deficiency signature SBS3, MMR‐deficiency signature SBS69,22) and c) the 

platinum chemotherapy signature SBS35 as all tumors had received chemotherapy.

SBS1 and signatures with a broad range of substitution motifs (SBS5, SBS40) were most 

abundant (Fig. 2B,C). The platinum signature SBS35 and the 5-FU-associated signature 

SBS17b, which is characterized by a unique predominance of T>G mutations in a CTT 

context, were the next most abundant. SBS1, SBS5 and SBS40 were active in most samples 

whereas SBS35 and SBS17b were only detected in a subset.
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We investigated whether any of the signatures increased with cetuximab treatment in the 

prolonged benefit group. SBS1 and SBS5 both showed small (1%) increases from BL to PD 

(Fig. 2C). The HR-deficiency signature SBS3 also showed a 1% increase but this was driven 

by a single case (C1005, Fig. 2B). Focusing only on the 6 tumors in the prolonged benefit 

group that showed an increase in the unique mutation load revealed the largest rise for 

SBS17a and SBS17b (+2% each, Fig. 2D,E) but this was driven by a single tumor (C1020, 

Fig. 2B). SBS17b also rose by 2% among the 4 tumors with primary progression that 

showed a mutation increase at PD and a single case (C1004) showed a relatively large 

increase in SBS17a and SBS17b. Thus, neither SBS17a nor SBS17b appear to be 

specifically promoted by cetuximab.

To ascertain our results, we repeated the mutational signature analysis with a second 

independent method which applies a non-negative least squares approach to signature 

fitting23 instead of the iterative linear regression method24 used for Fig. 2. Signature SBS40 

was more and SBS5 less abundant with this approach. All other signatures showed a high 

level of agreement (Extended Data Fig. 5A). Comparison of signature abundance at BL and 

PD in cases with prolonged benefit vs. primary progression (Extended Data Fig. 5B) 

supported the same conclusions as the analysis in Fig. 2.

Taken together, no signature noticeably increased at PD in the prolonged benefit group 

despite a median cetuximab treatment duration of 26wks (range: 18-96). Signatures that 

would be expected to increase most strongly through cetuximab-induced mutagenesis in the 

prolonged benefit group showed only a 1% increase which was driven by a single case 

(SBS3: HR-deficiency), remained unchanged (SBS15: MMR-deficiency) or even decreased 

(SBS6: MMR-deficiency). These results are inconsistent with a major contribtution of drug-

induced mutagenesis to exonic mutations in CRC patients.

SBS17b disproportionally contributes to driver mutations enriched at acquired resistance

KRAS/NRAS and EGFR mutations are the commonest genetic mechanisms of acquired 

cetuximab resistance in CRC3-6. Mutations in these genes at acquired resistance differ from 

those in treatment-naïve CRCs: EGFR mutations at acquired resistance disrupt cetuximab 

binding epitopes and do not occur in untreated CRCs as they provide no fitness advantage in 

the absence of treatment25. Furthermore, comparing biopsy- and ctDNA-sequencing results 

of CRCs with acquired cetuximab resistance3,5,26 to biopsy sequencing data of KRAS/

NRAS mutant treatment–naïve CRCs27 showed that KRAS/NRAS codon 12/13 mutations 

were 1.7-fold lower and codon 61 mutations 4.2-fold higher in tumors with acquired 

resistance compared to tumors with expected primary resistance. Q61H mutations showed 

the largest increase (11.8-fold, Fig. 3A). Analysis of the CORRECT trial28 even showed a 

21.1-fold increase of KRAS Q61H mutations at acquired cetuximab resistance compared to 

treatment-naïve KRAS mutant CRCs (Extended Data Fig. 6). Motivated by the observation 

that signature contributions varied between tumors in the Prospect-C trial, we questioned 

whether signature activity before cetuximab initiation influences which resistance driver 

mutations evolve at acquired resistance.

We first compared KRAS/NRAS mutation profiles in CRC (Fig. 3A) to the published15 

mutational signature profiles (Fig. 3B). SBS3, SBS5 and SBS40 overlapped with most 
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hotspot mutations. The remaining signatures only overlapped with a few KRAS/NRAS 
mutations, indicating that the activity of these signatures could influence the probability that 

specific mutations are generated and thereby account for genetically distinct evolutionary 

outcomes. We hence calculated the probability for each signature to generate specific 

KRAS/NRAS mutations (Fig. 3C). Intriguingly, SBS17b showed a strong preference to 

create KRAS/NRAS Q61H mutations and almost exclusively generated the T>G mutation 

that was most enriched at acquired cetuximab resistance. The platinum signature SBS35 also 

overlapped with a KRAS/NRAS Q61H mutation (T>A) that is enriched at acquired 

resistance. Thus, SBS17b and SBS35 activity could critically influence the probability that 

these mutations evolve.

We therefore modelled the KRAS/NRAS mutation distribution that would be generated in 

prolonged benefit cases based on the observed signature contribution at BL (Supplementary 

Table 2, Extended Data Fig. 7A). Despite the higher activity of SBS1, SBS5 and SBS40 

(together accounting for 70% of mutations, Fig. 2C), SBS17b was the largest contributor of 

KRAS/NRAS Q61H mutations (65% of all Q61H mutations, Fig. 3D). SBS35 generated the 

second highest proportion of Q61H mutations (13% of all Q61H mutations), although it 

contributed more codon 12 mutations than codon 61 mutations. Codon 12 and codon 13 

mutations were most likely to be generated by the clock-like signatures SBS5/SBS40.

To further substantiate whether the chemotherapy-induced signatures SBS17b (5-FU) and 

SBS35 (platinum) can explain the strong enrichment of Q61H mutations among KRAS/
NRAS mutations at acquired cetuximab resistance (Extended Data Fig. 7B), we modelled 

the distribution of KRAS/NRAS codon 12, 13 and 61 mutations that would be expected in 

the presence or absence of these signatures. Tumors harbor higher numbers of mutations 

corresponding to the clock-like signatures (SBS1, SBS5, SBS40) than to SBS17b and 

SBS35 but the former are active over the lifetime of the patient, whereas the chemotherapy-

induced signatures SBS17b and SBS35 are acquired over a much shorter period of time. In 

addition, even signatures that are active over the patients lifetime can accelerate up to ~10-

fold once a cancer is established due to increased proliferation and genomic instability29. 

Thus, the signature composition we observe at BL may not be reflective of the true activity 

of the signatures at the biopsy timepoint. We therefore estimated the contemporaneous 

activity of each mutational signature by taking into account the time period over which it is 

likely active and a range of acceleration rates.

Our model assumes that SBS1, SBS5 and SBS40 have a constant mutation rate from birth 

until diagnosis (median 68.4y) followed by a period of acceleration from the time of 

diagnosis to biopsy (median 2.7y, Extended Data Fig. 7C). Chemotherapy-induced 

signatures (SBS17b, SBS35) were assumed active only after cancer diagnosis. The temporal 

varibility of SBS3, SBS6, SBS15 and SBS17a is poorly understood but they are not known 

to increase through chemotherapy treatment. They were therefore modelled analogous to 

SBS1, SBS5 and SBS40.

The model shows that in the absence of the SBS17b and SBS35, KRAS/NRAS Q61H 

mutations are generated with a 10.45-fold lower probability than all other KRAS/NRAS 
12/13/61 hotspot mutations taken together (Fig. 3E). The likelihood of generating a Q61H 
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mutation increases when the platinum signature SBS35 is added, but still remains 5.59-fold 

lower than all other hotspot mutations. However, when the SBS17b signature is added in the 

model, Q61H becomes the predominant KRAS/NRAS mutation (1.11-fold higher 

probability than all other KRAS/NRAS mutations taken together). When both signatures are 

added together, Q61H mutations are 1.29-fold lower than all other hotspot mutations. The 

slightly lower enrichment is explained by the generation of additional codon 12/13 

mutations by SBS35. Our simplified model hence demonstrates that SBS17b signature 

activity and to a smaller extent also SBS35 are able to explain the inflated frequency of 

KRAS/NRAS Q61H mutations at acquired cetuximab resistance (Extended Data Fig. 7B).

We next varied several model assumptions to assess whether this would change these 

conclusions. Firstly, the tumor is likely to be present several months to years prior to 

diagnosis. Therefore, we considered an extended period of tumor growth (twice the time 

from diagnosis: 5.4y). Secondly, it is unclear whether SBS3, SBS6, SBS15 and SBS17a are 

acquired over the patients lifetime. We hence assessed whether restricting their activity only 

to the growth phase (equivalent to SBS17b and SBS35 modelling) impacts the results. We 

finally tested additional acceleration factors (1x,5x). All models showed a consistant 

increase in the likelihood of KRAS/NRAS Q61H generation with the inclusion of SBS35 

and SBS17b (Extended Data Fig. 7D–F) and a dominant role of SBS17b as the leading 

contributor of Q61H mutations.

We next investigated how mutational signatures influence EGFR mutations (Fig. 3F). 

Similar to what we found for KRAS/NRAS Q61H mutations, the EGFR S492R A>C 

mutation, which is common at acquired resistance25,30 was almost exclusively generated by 

SBS17b. When the signature contributions at BL in tumors with prolonged benefit was taken 

into account, SBS17b was the major signature generating this mutation (Fig. 3G).

This indicates that SBS17b and SBS35 activity are sufficient to explain the predominant 

evolution of KRAS/NRAS Q61H and EGFR S492R mutations at acquired resistance in 

tumors where these signatures are active.

SBS17b signature activity as a predictor of mutation evolution and progression free 
survival

To substantiate the relevance of the SBS17b signature in patients, we investigated in the 

Prospect-C trial whether SBS17b activity in BL samples can predict the evolution of specific 

drivers at acquired resistance and of progression free survival (PFS). SBS17b was detectable 

in five cases at BL and a bootstrap analysis confirmed the stability of the signature 

attribution (Fig. 4A). KRAS/NRAS Q61H T>G mutations evolved in four of these and an 

EGFR S492R A>C mutation in one. No KRAS/NRAS Q61H or EGFR S492R mutations 

were identified in tumors without a detected SBS17b activity. This statistically significant 

enrichment (p=0.002, Fisher’s exact test) suggests that SBS17b activity canalizes the 

evolution of these resistance driver mutations. Furthermore, SBS17b predicted for a 

significantly shorter PFS in the prolonged benefit group but not in primary progressors 

(p=0.028, log rank test, Fig. 4B).
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We finally investigated the relationship of SBS17b with KRAS/NRAS Q61H mutations in 

an independent cohort of 239 chemotherapy treated CRC samples with KRAS/NRAS 
G12/G13 or Q61H mutations20,31. Only 8 tumors harbored Q61H mutations and all had a 

detectable SBS17b activity compared to 79% of tumors with KRAS/NRAS codon 12/13 

mutations (Extended Data Fig. 8A,B). Firm conclusions cannot be drawn because of the 

small number of Q61H mutations but the results do not contradict the notion that Q61H 

mutations predominantly occur through signature SBS17b.

Discussion

We showed that KRAS/NRAS Q61H mutations are 11.8-21.1-fold more common at 

acquired resistance than in treatment-naïve KRAS/NRAS mutant CRCs. A pan-cancer 

analysis found a higher selective advantage of codon 12/13 vs. codon 61 mutations32, 

questioning why a less beneficial mutation evolves with a strikingly increased frequency 

after cetuximab treatment. Q61 mutations have been suggested to have higher oncogenic 

potential than codon 12/13 mutations when KRAS expression is low and that this explains 

overrepresentation at acquired resistance33. Yet, there is little evidence for lower KRAS/
NRAS expression at acquired resistance. We have now shown that Q61H is predominantly 

generated by SBS17b which is undetectable in most treatment-naïve CRCs but present in 

67% of chemotherapy treated CRCs3,5,26. The platinum signature SBS35 may further 

contribute. The preferential generation of Q61H mutations by these chemotherapy-induced 

signatures provides a compellingly simple explanation for the mutation bias between 

primary and acquired resistance. SBS17b signature activity may also explain the high 

prevalence of the S492R mutation among EGFR mutations25,34. Prior analyses of large 

datasets with predominantly treatment-naïve tumors found no link between Signature 17 and 

KRAS/NRAS Q61 mutations35,36. This is a likely consequence of the low prevalence of 

Q61 mutations in tumors that have not been treated with EGFR-AB and of Signature 17 in 

the absence of 5-FU treatment.

Datasets for independent validation of these findings are not available in the public domain 

but our results are strengthened by the use of data from a prospective trial which limits 

selection biases and by four independent lines of evidence: We showed that SBS17b 

disproportionally contributes to KRAS/NRAS Q61H and EGFR S492R mutation generation. 

Secondly, the observed signature contribution in BL biopsies leads to an excess of KRAS/
NRAS Q61H mutations similar to that observed at acquired resistance. Thirdly, we showed 

that SBS17b at BL correlated with the evolution of KRAS/NRAS Q61H and EGFR S492R 

mutations in individual patients. Finally, PFS was shorter in patients where SBS17b was 

detectable at BL, suggesting that this signature increases cancer evolvability during 

cetuximab treatment. Thus, SBS17b activity may be the first evolutionary biomarker to 

predict shorter PFS with cetuximab treatment. This hypothesis requires confirmation in 

future clinical trials. By linking accelerated drug resistance evolution in patients to 

chemotherapy-induced mutagenesis, our results furthermore highlight opportunities for the 

development of optimised treatment sequences that restrain cancer evolution.

We found no increase of mutation loads at acquired resistance, nor evidence for cetuximab-

mediated MMR-deficiency. We detected a 1% increase in SBS3 mutations in tumors with 
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prolonged benefit. This may be the consequence of reduced HR-fidelity through cetuximab‐
induced mutagenesis, however the change was only observed in one patient. We also showed 

that SBS3 would only contribute minimally to KRAS/NRAS and EGFR mutations (Fig. 

3D). Thus, despite the functional evidence for cetuximab-induced mutagenesis in CRC cell 

lines12, our analysis in patients shows that its contribution to cetuximab resistance evolution 

is likely small. There are limitations of our analysis. Although it is the largest series of 

paired biopsies from cetuximab treated CRCs that has been interrogated by exome 

sequencing, the analysis of further cohorts, ideally by whole-genome sequencing, may 

strengthen the evidence for drug-induced mutagenesis. Moreover, SBS3 is a ‘broad’ 

signature with mutation motifs overlapping those of SBS5/SBS40 which may lead to 

signature bleeding. Using two independent signature assignment algorithms, we 

demonstrated the largest discrepency in these broad signatures which highlights the 

technical difficulties of disentangling signatures.

Taken together, this exploratory analysis indicates that chemotherapy-induced mutation 

signatures can influence and predict the evolution of cetuximab resistance in CRC patients. 

This defines a strategy for the development of evolutionary biomarkers in precision cancer 

medicine.

METHODS

Trial Design And Samples

Prospect-C is a single-arm phase II trial that investigated biomarkers of response or 

resistance to single‐agent cetuximab in KRAS/NRAS wild-type metastatic CRCs 

(clinicaltrials.gov/ct2/show/NCT02994888). The trial has previously been described in 

detail3. Patient characteristics are described in Supplementary Table 1. The study was 

carried out in accordance with the Declaration of Helsinki and approved by the national UK 

ethics committee (approval number: 12/LO/0914). Written informed consent for trial 

participation and the molecular analysis of tumor biopsies was obtained from all patients.

Patient Selection

The 21 cases analysed in this study were selected based only on sufficient DNA availability 

from biopsies and the inferred cancer cell contents. Cancer cell contents were estimated 

using the variant allele frequency (VAF) of the somatic mutations. Furthermore, we required 

an adequate cancer cell content to construct the integer copy number profile for clonality 

assessment. Cancer cell content and the integer copy number profiles have been presented 

previously3.

Somatic Mutation And Clonality Assessment

Published mutation calls were re-analyzed3,26. A mutation call with variant allele frequency 

(VAF) less than 5% was considered absent in either paired biopsy. The clonality of somatic 

variants was assessed as previously described3.
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Mutational Signature Analysis

We identified a set of potentially active signatures by comparing with the ‘ColoRect-

AdenoCa’ samples from the PCAWG7 TCGA exome cohort (syn11801497.7). This was 

done by selecting signatures with any non-zero mutation attribution to ensure the widest set 

of relevant signatures were included at the first stage. We added, if required, a further 6 

signatures with aetiology associated to HR-deficiency (SBS3) and MMR-deficiency (SBS6, 

SBS15, SBS21, SBS26, SBS44) to test the acquired resistance model hypothesis and a 

further two signatures associated with platinum chemotherapy treatment (SBS31, SBS35) 

that may be relevant to the samples analysed in our cohort. This resulted in 21 signatures in 

total.

The single base substitution (SBS) mutation profile for each patient biopsy were fitted to the 

sigProfiler exome SBS signatures (syn12026190) using whichSignatures in the 

deconstructSigs24 (v1.8.0) R library. A second method of signature decomposition was 

applied using the fit_to_signatures function in the MutationalPatterns23 R library (v2.99.7) 

to assess mutation assignment bias between two independent approaches.

The inclusion of too many signatures would increase the likelihood of misasignment. 

Therefore, we looked to identify a set of signatures active in the Prospect-C samples for 

subsequent analysis. We applied a generalized cut-off to discard signatures with insufficient 

cohort-wide contribution. This required the total assignment of mutations to contribute a 

minimum of 3% of all SNVs across the cohort to consider the signature active (Extended 

Data Fig. 4A). This subset was further strengthened when looking just at prolonged benefit 

PD samples to ensure that potentially relevant signatures that may be involved in resistance 

driver acquisition were being considered (Extended Data Fig. 4B). Furthermore, despite not 

achieving the criteria, we included SBS17a due to the inclusion of the ‘connected’ SBS17b 

signature37.

The observed and reconstructed mutation profiles show residual differences. This error 

represents an unexplained portion of the mutation profile that is not captured by the 

signature subset. We estimated the proportion of variance explained by the signature set 

using a standard coefficient of determination (R2) measure. This was calculated using the 

computeExplanedVariance function in the decompTumor2Sig38 R library (v2.6.0). The 

signature weights were subsequently rescaled proportional to the explained variance (R2) of 

each sample. The remaining variance (1-R2) was considered unexplained.

Microsatellite Tract Length Analysis

MSIsensor39 (v0.6) scan was run on the complete hg19 reference sequence to identify 

homopolymer and microsatellite regions with a minimum of five consecutive repeats. This 

identified a total of 23,147,854 regions. Regions were filtered for those located on autosomal 

chromosomes. MSIsensor msi was run on each BL and PD pair, ensuring that all regions had 

a minimum of 20X coverage and were located within SureSelect v5 target regions. All 

microsatellites that showed a significant difference in length distribution were manually 

reviewed to identify those that showed an increase in the PD sample. The ratio proportion of 
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microsatellites with increased length variability divided by the total number of assessed 

microsatellites defines the MSI-score.

KRAS, NRAS and EGFR mutation codon biases

Somatic mutation calls from The Cancer Genome Atlas (TCGA) were downloaded from the 

cBio web portal40,41 by selecting for ‘Colorectal Adenocarcinoma’ in the ‘PanCancer Atlas’. 

Mutation calls from studies3,5,26 that reported the specific base change alterations in KRAS, 

NRAS and EGFR mutations in ctDNA were pooled to generate a comparative distribution 

from CRCs with acquired resistance to EGFR-AB. Only cases with KRAS/NRAS codon 

12/13/61 mutations were included and these mutations were assessed. Mutation calls in 

KRAS were also identified from ctDNA in the CORRECT trial28. Similarly, only KRAS 
codon 12/13/61 mutations were analyzed.

EGFR mutation calls in 3,5 were used to assess mutation codon biases in EGFR at acquired 

resistance.

To assess the relevance of mutational signature activity on the generation of KRAS, NRAS 
and EGFR hotspot mutations we modelled a BL prolonged benefit profile using the 

deconstructSigs signature weights generated for the corresponding 12 tumors 

(Supplementary Table 2). The weights were rescaled to sum to the explained variance of the 

sample (R2) and then multiplied by the corresponding mutation load to generate mutation 

attributions corresponding to each signature for each tumor. The mutation totals were then 

summed across the tumors and converted to an overall proportional contribution of each 

signature.

The reference signature profile confers the likelihood of observing a mutation corresponding 

to each of the 96 trinucleotide mutation motifs if the signature is active. However, the 

trinucleotide frequencies across the exome are not evenly distributed and so this must be 

adjusted to assess the likelihood of a specific mutation occurring. We used the function 

get_context_freq in the SigsPack42 R library to calculate the frequency of each trinucleotide 

context across the exonic regions and normalized the reference signatures to reflect a profile 

with even context frequency using the normalize function in SigsPack.

The normalized reference signatures were rescaled using the signature proportions obtained 

from the BL prolonged benefit tumors to generate a mutation probability profile. The 

resulting matrix confers the contribution of each individual signature to the overall 

probability of a mutation occurring at each of the 96 trinucleotide motifs (Extended Data 

Fig. 7A). The mutation probabilities of KRAS, NRAS and EGFR hotspot mutations 

observed at acquired resistance were extracted and rescaled proportional to all contexts (Fig. 

3D,G).

To assess the impact of the chemotherapy-induced signatures, SBS17b (5-FU) and SBS35 

(platinum), on the acquisition of KRAS/NRAS Q61H mutations we calculated the mutation 

probabilities of trinucleotide contexts corresponding to observed codon 12/13/61 hotspot 

mutations. The observed mutation signature attributions were adjusted to reflect the time 

period in which they were likely to be active. For instance, the clock-like signatures (SBS1, 
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SBS5, SBS40) have accumulated mutations over the lifetime of the patient. In contrast, 

SBS17b and SBS35 are assumed to only be detectable after chemotherapy treatment. As the 

activity of SBS3, SBS6, SBS15 and SBS17a has not been reported to increase following 

chemotherapy treatment they were initially modelled as active throughout the patient 

lifecourse. We modelled a constant mutation accumulation of these signatures from birth to 

diagnosis, followed by an accelerated mutation accumulation 10 times the rate29 during the 

tumor growth period from diagnosis to BL biopsy. The attributions of these signatures 

during the growth phase were combined with the chemotherapy signature attributions to 

generate an adjusted weight matrix.

We applied the model with and without a zero constraint on the corresponding signature 

weight. Probabilities calculated for each hotspot mutation context were summed to 

demonstrate the resulting likelihood of each hotspot mutation. Furthermore, we modelled a 

range of realistic parameters to reflect the uncertainty of the time of tumor growth from 

malignant transformation (2.7-5.4yrs), the acceleration of mutation rates during this period 

(x1, x5, x10) and the time point in which the HR, MMR and SBS17a signatures become 

active.

The stability of the SBS17b attributions was assessed by bootstrap analysis using the 

function resample_mut_mat from the MutationalPatterns23 R library. This involves 

resampling the mutation count matrix using the observed context counts as probabilities. We 

specified 1,000 bootstrap replicates. Signature decomposition was then calculated for each 

replicate and percentile descriptives plotted.

Kaplan-Meier Analysis

The survfit function in the Survival (v.2.44-1.1) R library was used to run the Kaplan-Meier 

analysis. Progression free survival (PFS) was measured from start of treatment to date of 

progression or death from any cause.

SBS17b signature activity in an independent CRC cohort

The mutation calling from 536 whole-genome sequenced colorectal metastatic samples was 

obtained from Hartwig Medical Foundation31. A de-novo non-negative matrix factorization 

based mutational signature extraction was performed using SigProfilerJulia20,43. Two 

signatures with high cosine similarity to the canonical PCAWG SBS17b15 - related to 5-FU 

and the canonical signature - were selected. Samples with exposure to any of these 

signatures were deemed as SBS17b active.

Quantification And Statistical Analysis

All analyses were performed in R (v3.5.0)44. All p-values are two-sided and p<0.05 was 

considered significant. All t-tests were unpaired unless otherwise stated.
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Extended Data

Extended Data Fig. 1. Plots of cancer cell content, sequencing depth and mutation load for the 
paired BL/PD biopsies from 21 patients in the Prospect-C trial.
(A) Estimated cancer cell contents of paired BL and PD samples. A 1:1 ratio line has been 

added for reference. (B) Mutation load vs. mean sequencing depth for all BL and PD 

samples. p-value from Spearman’s test. A linear regression line has been added for 

reference. (C) Mutation load vs. cancer cell content for all BL and PD samples. p-value from 

Spearman’s test. A linear regression line has been added for reference.
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Extended Data Fig. 2. Clonal mutation trees for 21 tumors from the Prospect-C trial.
Grouped into cases with prolonged benefit and primary progression. The numbers next to 

the trunk or the branches indicate clonal somatic mutations.
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Extended Data Fig. 3. Number of unique mutations detected for each of 21 paired biopsies from 
the Prospect-C trial vs. time lapse between BL and PD biopsies.
p-value from Spearman’s test. A linear regression line has been added for reference.
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Extended Data Fig. 4. Proportion of SBS mutations attributed to each mutational signature.
Signatures were selected using the ‘ColoRect-AdenoCa’ samples from the SigProfiler 

TCGA whole exome cohort (n=496) (syn11801497.7). All signatures in the cohort with a 

non-zero mutation attribution were considered along with all MMR-deficiency signatures 

and platinum treatment signatures. Plots show the cohort wide signature attribution among 

(A) all 21 Prospect-C samples and (B) only in the PD tumors of the 12 patients with 

prolonged benefit. The red horizontal dashed line illustrates the 3% threshold used to define 

signatures as ‘active’ and the red box shows the signatures retained for subsequent analysis. 

SBS17a and SBS17b are described as ‘connected’ signatures15. SBS17a was retained due to 

the inclusion of SBS17b despite not reaching the threshold.
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Extended Data Fig. 5. Signature attributions based on 21 paired BL/PD biopsies from the 
Prospect-C trial using MutationalPatterns and deconstructSigs.
(A) Mutation signature attribution using independent decomposition methods 

(deconstructSigs and MutationalPatterns). (B) Fig. 2 repeated with the ‘fit_to_sigs’ function 

in MutationalPatterns to assess the variability of estimates between methods.
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Extended Data Fig. 6. Mutation frequency profiles of treatment naïve CRCs from the TCGA 
Pan-Cancer study vs. the KRAS hotspot mutations identified in 28.
The TCGA profile has been adjusted to only consider KRAS mutations that were assessed in 

the CORRECT trial.
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Extended Data Fig. 7. Modelling the impact of mutational signatures on the likelihood of 
acquired hotspot mutations.
(A) Modelled mutational profile of a BL tumor with prolonged benefit. Exome normalised 

reference signatures have been scaled by the observed signature exposures of the 12 BL 

tumors with prolonged benefit to represent a mutation probability at each trinucleotide 

mutation context. (B) Observed mutation frequencies of KRAS/NRAS Q61H vs. all other 

KRAS/NRAS hotspot mutations identified in CRCs with acquired EGFR-AB 

resistance3,5,26. (C) Modelled mutation accumulation of the permanent signatures. A varying 

acceleration parameter of x1, x5, x10 is applied to the tumor growth period. (D) Impact of 
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SBS17b and SBS35 on the likelihood of generating KRAS/NRAS Q61H mutations vs. all 

other detected KRAS/NRAS hotspot mutations.

Extended Data Fig. 8. Analysis of an independent cohort of 239 patients with metastatic 
colorectal cancer and a KRAS/NRAS G12/G13 or Q61H mutation.
(A) Total mutations attributed to SBS17b. Statistical significance was assessed with the 

Fisher’s exact test. (B) Proportion of tumors with a detectable SBS17b signature activity. 

Statistical significance was assessed with the Mann-Whitney U test.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Cetuximab resistance models and analysis of mutation loads in 21 tumors treated with 
single-agent cetuximab.
(A) Models of primary and acquired cetuximab resistance and their relationship to mutation 

signature activity. (B) Mutation trees for 21 tumors from the Prospect-C trial. Grouped into 

cases with prolonged benefit and primary progression. Numbers next to the trunk or the 

branches indicate the number of somatic mutations. Cetuximab resistance driver mutations 

and copy number aberrations (CNA) identified in 3 are shown. The RECIST change 

indicates the change of the sum of radiological tumor measurements based on RECIST 

criteria from BL to the time of best response. (C) Change of the unique INDEL numbers 
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from BL to PD. Colored lines show the mean. The p-values were calculated with a paired t-

test. (D) Unique mutation loads for each tumor at BL vs. PD. The dashed lines indicate a 

relative increase or decrease by 10%, 20% or 30%. (E) Microsatellite length variability 

analysis with the MSIsensor algorithm. MSI-scores indicate the percentage of microsatellite 

and homopolymer loci with an increased read length variability at PD compared to BL. 

Horizontal bars show the mean MSI-score for each group. The MSI-score of the only MMR-

deficient tumor from the Prospect-C trial (which has not been included in any other analyses 

as no paired PD sample was available) in comparison to the matched blood sample is shown 

as a control for correct MSI detection.
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Fig. 2. Mutational signatures in tumors treated with cetuximab.
(A) 96 tri-nucleotide motif plot of all single base substitutions prior to cetuximab treatment 

(BL) and at progression (PD). The bottom panel shows the difference between BL and PD. 

(B) Attribution of single base substitutions to mutational signatures shows the contribution 

of each signature to individual samples at BL and PD. (C) Signature contribution for the 

combined group of cases with prolonged benefit or primary progression. (D) Mutational 

signatures in tumors where an increase in unique mutation burden was found at PD. (E) 

Mutational signature contribution for the combined group of cases with prolonged benefit or 

primary progression which also showed an increase in unique mutation burden.
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Fig. 3. Relationship of mutational signatures to specific KRAS/NRAS and EGFR mutations.
(A) KRAS/NRAS codon 12/13/61 mutation frequency in treatment naïve CRCs from the 

TCGA Pan-Cancer study versus those identified in CRCs with acquired EGFR-AB 

resistance3,5,26. (B) Sigprofiler exome SBS reference profiles (syn11967914.3) of all active 

signatures included in the analyses of the Prospect-C cohort. (C) Relative contribution of 

each of the signatures in B corresponding to the indicated KRAS/NRAS mutations when an 

equal number of mutations is generated with each signature. All reference contexts in the 

figure show the main genomic strand. (D) Modelling of the relative contribution of each of 

the signatures in B to all indicated KRAS/NRAS mutations when the observed mutational 

signature distribution at BL in cases with prolonged benefit is taken into account. (E) 

Modelled contribution of chemotherapy related mutation signatures (SBS17b, SBS35) to 

KRAS/NRAS Q61H mutations vs. all other hotspot mutations. Results presented are from a 

model that assumes a 10x acceleration in mutation accumulation of signatures SBS1, SBS3, 

SBS5, SBS6, SBS15 and SBS40 between diagnosis and BL biopsy. (F) Repeat of the 

analysis in panel C for EGFR mutations. (G) Repeat of the analysis in panel D for EGFR 

mutations.
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Fig. 4. Association of detected SBS17b at BL with specific KRAS/NRAS and EGFR mutation 
evolution at the time of acquired resistance and with progression free survival.
(A) SBS17b signature contribution calculated from whole exome mutation analysis of BL 

biopsies for all prolonged benefit cases with available ctDNA sequencing vs. resistance 

driver mutations in KRAS/NRAS and EGFR that were detected at PD in ctDNA. The 

stability of the SBS17b attributions was assessed by bootstrap analysis based on 1,000 

replicates. Signature decomposition was then calculated for each replicate and the 25th, 50th 

and 75th percentiles presented. Statistical significance was assessed with the Fisher’s exact 

test. (B) Kaplan-Meier analysis of progression free survival for tumors with and without a 

detected SBS17b contribution at BL. Statistical significance was assessed with the Log-rank 

test.
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